Antibodies are powerful tools in life sciences research, as well as in diagnostic and therapeutic applications, because of their ability to bind given molecules with high affinity and specificity. Using current methods, however, it is laborious and sometimes difficult to generate antibodies to target specific epitopes within a protein, in particular if these epitopes are not effective antigens. Here we present a method to rationally design antibodies to enable them to bind virtually any chosen disordered epitope in a protein. The procedure consists in the sequence-based design of one or more complementary peptides targeting a selected disordered epitope and the subsequent grafting of such peptides on an antibody scaffold. We illustrate the method by designing six single-domain antibodies to bind different epitopes within three disease-related intrinsically disordered proteins and peptides (α-synuclein, Aβ42, and IAPP). Our results show that all these designed antibodies bind their targets with good affinity and specificity. As an example of an application, we show that one of these antibodies inhibits the aggregation of α-synuclein at substoichiometric concentrations and that binding occurs at the selected epitope. Taken together, these results indicate that the design strategy that we propose makes it possible to obtain antibodies targeting given epitopes in disordered proteins or protein regions.
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protein design | protein aggregation | complementary peptides A ntibodies are versatile molecules that are increasingly used in therapeutic and diagnostic applications, as they can be used to treat a wide range of diseases, including cancer and autoimmune disorders (1-5). These molecules can be obtained with well-established methods, such as immunization or phage and associated display methods, against a wide variety of targets (6) (7) (8) (9) (10) (11) . In some cases, however, these procedures may require significant amounts of time and resources, in particular if one is interested in targeting weakly immunogenic epitopes in protein molecules. In this work, we introduce a computational method of rational design of complementarity determining regions (CDRs) that makes it possible to obtain antibody against virtually any target epitope within intrinsically disordered peptides and proteins or within disordered regions in structured proteins.
Intrinsically disordered proteins, in particular, play major roles in a wide range of biochemical processes in living organisms. A range of recent studies has revealed that the functional diversity provided by disordered regions complements that of ordered regions of proteins, in particular in terms of key cellular functions such as signaling and regulation (12) (13) (14) (15) (16) (17) (18) . The high flexibility and lack of stable secondary and tertiary structures allow intrinsically disordered proteins to have multiple interactions with multiple partners, often placing them at the hubs of proteinprotein interaction networks (19) (20) (21) . It has also been realized that the failure of the regulatory processes responsible for the correct behavior of intrinsically disordered proteins is associated with a variety of different pathological conditions (22) (23) (24) . Indeed, intrinsic disorder is often observed in peptides and proteins implicated in a series of human conditions, including cancer, cardiovascular diseases, and neurodegenerative disorders (22) (23) (24) . It would therefore be very helpful to develop methods to facilitate the generation of antibodies against disordered proteins, a goal that has a great therapeutic potential (25, 26) .
Here, we address this problem by introducing a rational design procedure that enables one to obtain antibodies that bind specifically target disordered regions. This procedure is based on the identification of a peptide complementary to a target region and on its grafting on to the CDR of an antibody scaffold. Related methods of altering rationally antibodies have been discussed in the literature, which include the exploration of specificity-enhancing mutations (27, 28) , the design of CDRs to bind structured epitopes (28, 29) , and the grafting of peptides extracted from aggregation prone proteins (30) (31) (32) or from other antibodies (33) in the CDR of an antibody scaffold. Here we show that designed antibodies can be obtained by the method that we present for essentially any disordered epitope. We illustrate the method for the Aβ peptide, α-synuclein, and the islet amyloid polypeptide (IAPP, or amylin peptide), which are respectively involved in Alzheimer's and Parkinson's diseases and type II diabetes (24).
Results
In this work, we present a method of rational design of antibodies targeting chosen epitopes within disordered regions of peptides and proteins. We first describe the method and then present the results obtained to test it, which show that the designed antibodies bind with good affinity and specificity their target proteins.
Rational Design of Complementary Peptides. The first step in the rational design of antibodies involves the identification of peptides, called here complementary peptides, that bind with good specificity and affinity target regions of a protein molecule
Significance
Although antibodies can normally be obtained against a wide variety of antigens, there are still hard targets, including weakly immunogenic epitopes, which are not readily amenable to existing production techniques. In addition, such techniques can be relatively time-consuming and costly, especially if the screening for a specific epitope is required. In this work we describe a rational design method that enables one to obtain antibodies targeting any specific epitope within a disordered protein or disordered region. We show that this method can be used to target three disordered proteins and peptides associated with neurodegenerative and systemic misfolding diseases. (Fig. 1) . The identification of these complementary peptides is based on the analysis of the interactions between amino acid sequences in the Protein Data Bank (PDB). More specifically, we exploit the availability of a large number of protein structures in the PDB to identify potential interaction partners (i.e., the complementary peptides) for any given target sequence. With this choice, the affinity and the specificity of the interactions between the complementary peptides and their targets are already proven in a biological context. The complementary peptides are built through a fragment-and-join procedure (SI Materials and Methods), starting from short peptides found to interact in a β-strand with segments of the target sequence in at least one of the protein structures in the PDB database. The peptide design procedure consists in two steps. First, we collect from the PDB database all protein sequences that face in a β-strand any subsequence of at least three residues of a given target epitope. Second, complementary peptides to the target epitope are built by merging together some of these sequence fragments using a cascade method (Fig. 1A and SI Materials and Methods). In essence, this cascade method starts from one of these fragments and grows it to the length of the target epitope by joining it with some of the others following three rules: (i) all fragments generating the same complementary peptide must come from β-strands of the same type (i.e., parallel or antiparallel), (ii) all fragments must partly overlap with their neighboring fragments, and (iii) the overlapping regions must be identical both in the sequence and in the backbone hydrogen bond pattern (Fig. 1A and Fig. S1 ). Given this design strategy, the resulting complementary peptides are expected to bind the target epitope by enforcing a β-strand-like conformation. Therefore, such complementary peptides will be particularly effective in binding solvent-exposed regions of protein sequences that do not form persistent hydrogen bonds with other parts of the protein, such as in the case of disordered regions. Alternatively, this method may be used to design complementary peptides against any region of a target protein, including regions in the core of the native state. Such peptides could be used for example for a peptide-based detection in diagnostic, as recently proposed with naturally occurring peptides (34). Once a complementary peptide has been designed, it can be grafted in place of the CDR loop of an antibody scaffold (Fig. 1B) . We also note that such a peptide could be used on its own as a drug candidate. However, the grafting on an antibody scaffold offers several advantages over the use of a peptide molecule by itself. As therapeutic molecules, with respect to peptides, antibodies have a longer half-life in vivo (35) and often lower immunogenicity, at least for human scaffolds. Moreover, in both research and diagnostics, antibodies can readily be used in a large number of biochemical and biophysical assays in vitro, including Western blotting, immunoprecipitation, and confocal imaging.
Generality of the Design Strategy of Complementary Peptides. Because the design of complementary peptides depends on the availability of specific sequences facing each other in a β-strand in the protein structures in the PDB, it may not always be possible to construct a complementary peptide for a given epitope. We thus asked how generally applicable our method is by investigating systematically how many complementary peptides can be found for all possible epitopes in a target protein. We ran the cascade method on each possible epitope of eight amino acids for three well-characterized and disease-related intrinsically disordered peptides and proteins: α-synuclein, Aβ42, and IAPP (24). Although other choices are possible, we used eight-residue epitopes because we reasoned that such complementary peptide size should be amenable for grafting in most antibody scaffolds, at least for the longer CDR loops. Consequently, it represents a good epitope size to assess the generality of the cascade method. Furthermore, naturally occurring amyloidogenic eight-residue peptides were found to be specific in recognizing their targets (34), suggesting that this is a convenient length for specific β-strand-like recognition. Our results show that more than 95% of the residue positions in these three proteins can be targeted with at least one peptide. Moreover, typically, the number of different complementary peptides covering one position is much larger than 1. We found that the median number is 200, and the mean is 570 (Fig. 2 A-C) . Thus, at least in these three cases, our method can produce several complementary peptides to choose from for most target epitopes. Given these results, one can ask whether a given complementary peptide may have multiple possible target sequences, thus undermining the specificity of the interaction. We investigated this possibility by blasting all of the 15,587 eight-residue peptides shown in Fig. 2 A-C against the human proteome (SI Materials and Methods). The results show that only 0.2% of the designed peptides are actually found in the proteome, suggesting that the great majority of the complementary peptides will specifically interact with their targets, as also shown by the experimental tests below. To estimate the coverage at a proteomic scale, we ran the design method on two databases of disordered proteins. The first consists of all regions annotated as disordered in the DisProt database (36), whereas the second has been constructed by identifying disordered regions from measured NMR chemical shifts (37, 38) . The dataset derived from DisProt included 980 different gapless disordered regions, whereas the one derived from the NMR chemical shifts 710. We found that 90% of the residue positions in the DisProt dataset and 85% in the chemical shift dataset are covered by at least one complementary peptide (Fig. 2D ). Antiparallel peptides are more frequent than parallel peptides, reflecting the fact that parallel β-strands are less abundant than antiparallel ones in the PDB. An amino acid composition analysis (Fig. 2E ) revealed that those positions that are not covered by any complementary peptide are highly enriched in proline residues (Δf = 17%), in agreement with the observation that prolines disfavor secondary structure formation (37). Other amino acids preferentially found in regions not covered by complementary peptides, but to a much weaker extent, are aspartic acid (Δf = 1.3%) methionine (Δf = 1%), and glutamine (Δf = 0.9%). Taken together, these results suggest that our Table 1 . The purity of all of the designed antibodies (DesAb) was characterized by NuPAGE analysis (Fig. S4A ) and their structural integrity by far-UV circular dichroism (CD) spectroscopy at 25°C (SI Materials and Methods and Fig. S4B ). All of the grafted variants showed high purity (>95%) and CD spectra compatible with the native-like structure of the single domain antibody scaffold. Therefore, we assessed the viability of the DesAb variants in binding their targets. To this end we used an ELISA test, which uses the basic immunology concept of an antigen binding to its specific antibody (41). We coated the wells with increasing amount of the designed antibodies, and then we incubated in the presence of a fixed amount of target protein (SI Materials and Methods and Fig. S5 ). All of the designed antibody variants showed a characteristic concentration-dependent curve, which is evidence of antibody-antigen binding ( Fig. 3 A-C) . Detailed Characterization of DesAb-F. To obtain a more comprehensive characterization on the interaction of the designed antibody variants, we selected one (DesAb-F, with grafted sequence FQEAVSG; Table 1 ), for which we quantitatively assessed affinity, specificity, and effect on protein aggregation. To characterize the specificity of binding, in addition to the dotblot test presented in Fig. 3 and Fig. S6 , we quantified the 
+EVFQEAVSGS reactivity against α-synuclein, Aβ42 peptide, and IAPP. Thus, we performed an ELISA in which we coated the wells of the ELISA plates with a given amount of DesAb-F and then we incubated in the presence of the same amount of the three different antigens (SI Materials and Methods). The amount of α-synuclein, Aβ42, and IAPP bound to DesAb-F was estimated measuring the absorbance at 492 nm after verifying that the primary antibodies exhibited similar reactivity against an equal amount of antigen absorbed to the ELISA well (Fig. S5) . We found that DesAb-F clearly shows a preferential binding for α-synuclein than for Aβ42 peptide or IAPP (Fig. 4A ). We then characterized in a more quantitative manner the binding constant of the antibody for monomeric α-synuclein. To do so, we assessed the ability of the antibody to bind a labeled variant of α-synuclein carrying the fluorophore dansyl (dansyl-α-synuclein) at position 90. Following a strategy already used for other systems (42, 43), the formation of the complex was studied by titrating increasing quantities of DesAb-F into solutions containing dansyl-α-synuclein and following the fluorescence properties of the dansyl moiety (Fig.  4B ). The results of the titration experiments reveal that DesAb-F was able to bind α-synuclein with a K d of 18 μM, derived assuming a single-site binding model (SI Methods). As the K d value is highly sensitive to small displacements of the data points, we calculated the 95% CI on the fitting parameters with the bootstrap method (SI Materials and Methods), which placed the K d between 11 and 27 μM. We note that this affinity, which is within a biologically relevant range but smaller than that of typical antibodies, has been reached by engineering only one loop of the antibody scaffold, whereas standard antibodies generally have more than two loops involved in antigen binding. Furthermore, a relatively high K d can be effective in affecting protein aggregation (see below), because the antibody can actively interfere with the aggregation process rather than sequestering individual antigen monomers. Finally, to verify that DesAb-F binds specifically the chosen target epitope of α-synuclein, we generated one α-synuclein variant (α-synuclein-P73) with a proline residue inserted in the middle of the target epitope sequence (VVTGPVTA). The reason for this choice is that, if binding indeed occurs at this site, we expect such insertion to cause a significant inhibition of the interaction between the complementary peptide of DesAb-F and α-synuclein. Thus, we performed a florescence competition assay in the presence of 2 μM dansyl-α-synuclein and equimolar concentrations of nonlabeled α-synuclein WT or α-synuclein-P73 (SI Materials and Methods).
In the presence of α-synuclein, the percentage of the complex DesAb-F:dansyl-α-synuclein decreased more than 50% in agreement with a competitive reversible inhibition ( Fig. 4C ). On the contrary, when the mutant variant α-synuclein-P73 was present in solution, no significant decrease was observed (Fig. 4C ).
The fact that α-synuclein-P73 was not able to compete with dansyl-α-synuclein for the binding to DesAb-F indicates that the proline insertion was able to disrupt the interaction between the designed antibody and α-synuclein, and, therefore, that the complementary peptide of DesAb-F is specifically binding to the region of α-synuclein containing the target epitope.
Antiaggregation Activity of DesAb-F. A general feature of amyloidlike aggregates is that they preferentially contain parallel β-sheet conformations (24), which, differently from β-sheets typically found within globular proteins, have one or more β-strands exposed to the solvent (i.e., the fibril elongation sites). Because the designed antibodies contain complementary peptides that enforce a β-strand conformation on their target sequence, we , and DesAb-IAPP (F) and three commercially available antibodies used as a positive control (C+) for the binding to E. coli lysates from cell lines expressing the target protein (dots labeled with +, blue columns) and not expressing it (−, gray column). In the case of DesAb-IAPP, synthetic amylin peptide was mixed to the E. coli lysate (+IAPP) before performing the experiment, as a cell line expressing IAPP was not available. Protein amount is the micrograms of total protein (lysate) spotted on the membrane. The bar plot is a quantification of the intensities of the DesAb dot blots (SI Materials and Methods). Intensities are *>2 σ eq away, ** > 3 σ eq , and *** > 4 σ eq , with σ eq = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi SE 2 + + SE 2 − p and SE being the standard error from the intensities of the three dots. the y axis report the fraction of complex dansyl-α-synuclein:DesAb-F in the absence (blue) and presence of nonlabeled α-synuclein (red) or α-synuclein-P73 (purple). In A and C, the statistical significance of the difference with the first column was assessed with a Welch's t test (*P < 0.05).
expect that the affinity toward target proteins should be higher when these are found in aggregated species rather than as free monomers in solution, as the entropic cost of binding should be smaller in this case. By monitoring soluble α-synuclein over four-day aggregation (SI Materials and Methods), we found that DesAb-F has a strong inhibitory effect, even at a substoichiometric concentration (1:10) (Fig. 5A ). This result suggests that this designed antibody preferentially binds aggregated species rather than to monomeric forms of α-synuclein. To support this conclusion, we performed seeded aggregation assays at increasing concentrations of DesAb-F (SI Materials and Methods). We found a specific concentration-dependent effect of the antibody on the elongation phase of α-synuclein aggregation ( Fig. 5 B and C), and we also detected a strong dependence on the concentration of α-synuclein seeds (Fig. 5D ). Besides, the fact that DesAb-IAPP only shows a negligible effect on the aggregation of α-synuclein, even at a 1:2 DesAb-monomer ratio ( Fig. S7 ), suggests that the observed inhibition specifically comes from the grafted complementary peptide. Taken together, these data show that DesAb-F is able to reduce α-synuclein aggregation.
Affinity Increase by Grafting Two Complementary Peptides. Although the affinity of DesAb-F for monomeric α-synuclein (K d ∼ 20 μM) is probably ideal for inhibiting protein aggregation (see previous sections), it is still far from that of typical antibodies obtained with standard techniques. Because antibodies usually bind their antigens with more than one CDR loop, we decided to design an additional DesAb variant targeting α-synuclein with two loops engineered (two-loop DesAb in Table 1 ). These loops contain two complementary peptides predicted to cooperatively bind to the target epitope (SI Materials and Methods and Fig. S8 ).
To add a second loop to our scaffold, we replaced 6 amino acids in the region of the CDR2 with 12 amino acids containing a complementary peptide (modeled structure in Fig. 6 and SI Materials and Methods). Thus, in the attempt of compensating for the impact on the domain stability, we changed the expression system to an E. coli strain that enables the formation of the intrachain disulphide bond (SI Materials and Methods), and we changed the purification protocol by eluting the protein with imidazole rather than at low pH. With this strategy, we were able to successfully purify the protein and confirm its structural integrity with far-UV CD (Fig. S8E) . However, as we envisaged, this human single V H domain with two extended loops is quite unstable, and for instance, it starts to precipitate at about pH 6. An advantage of this construct is that the binding site is now located between the CDR3 and CDR2, which is in close vicinity of residue Trp-47 on the scaffold (Fig. 6 ). This feature allows the binding to be measured in a label-free way by monitoring the change in the intensity of the intrinsic fluorescence of the DesAb at 348 nm, with varying concentration of WT α-synuclein, which does not contain Trp residues (SI Materials and Methods). The titration curve in Fig. 6A is best fitted with a K d of 45 nM, and the 95% CI analysis places its upper value at 185 nM. For comparison, we performed the same type of experiment with the oneloop DesAb-F. In this case, the change in fluorescence is much weaker, probably because the binding site is further away from the fluorescent Trp on the DesAb (Fig. S9) . The fitting of the titration curve gives a K d of 5 μM, in agreement with the more accurate dansyl fluorescence estimate (Fig. 4B ). In addition, we assessed the specificity of the two-loop DesAb with a dot-blot experiment as performed for the one-loop DesAb variants (SI Materials and Methods). The preferential binding for the cell lysate containing α-synuclein is apparent at a qualitative level ( Fig. 6B and Fig. S6 ). Finally, we successfully employed the twoloop DesAb in the Western blot detection of its antigen protein (SI Materials and Methods and Fig. S10 ). No signal, however, was observed when probing the Western blot with the one-loop DesAb variants, probably because of the relatively low affinity of these variants and the fact that in a SDS/PAGE, the monomers preferentially populate elongated conformations, which may further weaken the interactions with the grafted complementary peptide. Because of its instability, the two-loop DesAb cannot be considered a viable antibody for most applications, but it represents a proof of principle that it is possible to greatly improve the affinity (by two or three orders of magnitude) in a rational way using our design method, by engineering two binding loops.
Conclusions
In this work, we have presented a method of rational design of antibodies, which works through a complementary peptide design and grafting procedure, to target specific epitopes within intrinsically disordered proteins. We have shown that this method generates antibodies that can bind with good specificity and affinity target regions in three disordered peptides and proteins associated with protein misfolding diseases and that they can be effective in reducing their aggregation. Compared with antibodies obtained with standard experimental techniques, however, our designed antibodies exhibit some limitations. The one-loop DesAb variants have relatively low affinity and selectivity, which may undermine their usefulness for some applications (e.g., Western blot detection). To improve on these aspects, we have shown that the simultaneous grafting of two complementary peptides can bring the affinity in the range of that of standard antibodies (Fig. S11 ) and lead to antigen detection in a Western blot, although this procedure also reduced the stability of the domain scaffold that we used here. We anticipate that our design strategy, and in particular the grafting of multiple loops, will be applicable to scaffolds that are intrinsically more stable than the human V H domain that we used and can better tolerate loop insertions. Also, this rational design approach can be combined with existing in vitro affinity maturation techniques, such as error-prone PCR and phage display. We also suggest that the complementary peptide design strategy that we presented may be applied to rationally engineer interactions of other classes of proteins of biomedical and biotechnological interest.
Materials and Methods
The method of identifying complementary peptides and of grafting them on a single domain antibody scaffold is described in SI Materials and Methods. The method of protein expression is also described SI Materials and Methods. The details of all experimental assays are reported in SI Materials and Methods.
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SI Materials and Methods
Creation of the β-Strand Database. To create the β-strand (BS) database, which is used to design the complementary peptides, we first downloaded from the PDB database all protein structures with a 90% sequence identity threshold. This threshold was used to avoid double counting resulting from homomers, close homologs, or multiple structures of the same protein. We thus obtained the PDB90 database. We then used the DSSP program (44) to identify the β-sheet regions in each protein structure in the PDB90 database. These regions were used to generate the BS database, which consists of all of the β-strands in the PDB90 database. More specifically, the BS database contains pairs of amino acid sequence fragments that are found facing each other in β-strand conformations (β-pairs). Only fragments of three residues or more were considered, and β-pairs were separated into parallel and antiparallel. In addition, we also associated to each β-pair the hydrogen-bonding pattern formed by the two backbone chains, as this is particularly important when merging two fragments.
Target-Specific Scoring of the β-Strands in the BS Database. We assigned a score (the count score) to every β-pair in the BS database on the basis of the number of times the two fragments are found facing each other in a β-strand with the same hydrogenbonding pattern. If different hydrogen-bonding patterns were found for the same pair, the two β-strands were saved as two different β-pairs in the BS database with two different scores. To simplify the construction of the complementary peptides, instead of using the BS database directly, we subdivided it into separate libraries of fragments of fixed lengths (the BSn libraries). We considered fragments of length n, with n ranging from 3 to 8. For each n, the BSn libraries was constructed by extracting from the BS database all possible β-pairs of length n, including subfragments belonging to β-pairs of length m > n. The count score of the complementary β-strand partners is updated accordingly so that it always reflects the number of times that the two fragments of length n are found facing each other in β-strands forming the same hydrogen-bonding pattern in the structures that we initially analyzed. For every length n, we built two separate BSn libraries, one with the parallel complementary stretches and one with the antiparallel ones. Next, for every β-pair in the BSn libraries we computed the promiscuity score, to quantify the specificity of the interaction between the two fragments in the β-pair. Such a score is understood by considering the definition of specificity: two binding partners interact specifically if they interact only with one another and not with anyone else. The greater the number of possible binding partners, the lower is the specificity. As a consequence, we looked at the number of β-strand partners of each fragment in the libraries. This number is readily extracted from the BSn libraries themselves, by counting the number of β-pairs where the fragment appears. Then, to correctly assign the promiscuity score to each β-pair, one must avoid counting the partner corresponding to the β-pair under scrutiny and should also count only β-strand partners of the right kind (parallel or antiparallel) and with the same hydrogen bond pattern of the β-pair under scrutiny.
The Cascade Method of Constructing Complementary Peptides. For a target sequence of N amino acids, we start by considering the longest length n ≤ N available in the BSn library. We then slide a window of size n on the target sequence, storing the β-strand partners facing the sequence window under scrutiny, together with their scores and hydrogen-bonding patterns. We repeat this procedure for every length n (down to 3 amino acids) so that we end up with a list of all possible complementary fragments of different length. This list is composed by groups of β-strand partners of the same length, and, within each group, we sort them first according to decreasing count score and then to increasing promiscuity score. In this way, fragments that are found more times as β-strand partners of the corresponding bit of the target sequence appear first, and-within fragments with the same count score-low promiscuity score fragments appear first.
Starting from the top, we select the β-strand partner with longest length and highest count score, which we refer to as cascade initializer. There are now three important aspects that are taken into account. The first is whether this fragment was part of a parallel or of an antiparallel β-sheet, because we consider only fragments of the same type until we initiate a new cascade (to look for another complementary peptide candidate). The second is the position of the initializer with respect to the target sequence. If it is a β-strand partner of the beginning of the sequence, we only have to grow the peptide to the right, and if of the end only to the left, and otherwise in both directions. The third is its hydrogen-bonding pattern, as this must be conserved while we grow the peptide.
To better understand the cascade procedure, let's consider an initializer C 1 and assume that it is a β-strand partner of the region of the target sequence that goes from position i to position j < N. In the following we consider the case in which we grow the complementary peptide to the right, hence for increasing values of j. C 1 was selected at the top of the list, which is sorted according to the lengths and scores of the β-strand partners, and now, with position j fixed, we go down the list until we find another β-strand partner that meets three criteria. First, it has to be of the same type (parallel or antiparallel) as C 1 . Second, it must be a β-strand partner of a bit of the target sequence that includes at least position j and j + 1. This criterion creates an overlap between this new fragment and C 1 , i.e., there is a part of the target sequence (which could be only residue j) that is a β-partner of both a region in C 1 and a region in the new fragment. The third criterion is that these two regions on the two fragments are identical, both in sequence and in hydrogenbonding pattern. When the three criteria are all met, the new fragment is merged with C 1 to generate a longer complementary candidate C 2 , which covers the target sequence from position i to position k > j. A new cascade step is carried out until k = N, and the same is done toward the left until i = 0.
At every step after the first one, we begin by looking at new fragments from the top of the list so that we always use the longest/ highest-count-score fragment. Moreover, it could be that there are multiple fragments that meet the three criteria and also have the same length and count score of the one we are looking at. In this case, we spilt the cascade and we generate multiple candidates. Then we use them all to grow different complementary peptides. This fact is true also when we select the initializer, as there could exist multiple fragments of maximum length and count score that are β-strand partner of different bits (or of the same bit) of the target sequence. In this case we initiate multiple cascades that will generate different complementary peptide candidates.
At every step of the cascade there could be more than one suitable candidate that results in a forking of the cascade path and in the generation of different complementary peptides. However, the opposite can also be true: the convergence of the cascadei.e., the fact that we can reach i = 0 and k = N-is not always granted. In other words, it is not always the case that there exists a complementary fragment that will meet all there criteria at every cascade step. Generally, we simply discard those paths that get stuck and we only keep the ones that allow for the generation of complementary peptides of length N. Nevertheless, if no such path exists, the algorithm looks for different, lower score or shorter length, initializers, until it finds some complete complementary peptide candidate. Fig. S1 shows the cascade paths that generated the complementary peptides we grafted on the single domain antibody scaffold.
Ranking the Candidates. The cascade method usually generates more than one complementary peptide for a given target sequence. A choice therefore needs to be made for the best candidate at binding the target sequence with high affinity and specificity. For this choice we exploit the fact that our fragment database provides also useful statistics to rank the candidates. Each of the complementary peptides has been built combining fragments from the BSn libraries with the cascade method. We thus know the length score, the count score, and the promiscuity score of each of the fragments that compose the complementary peptide (Fig. S1) .
We regard the count score as a measure of affinity: if nature has used many times the same pair of fragments as β-strand partners in native proteins, it means that they delivered optimal stability to the structure and speed to the folding of the protein. The length score is defined as the number of residues that make up the complementary fragment. Because chances that a long fragment has a large number of possible β-strand partners are very low, we regard this as a measure of specificity, and this is why we begin each step of the cascade by looking at the longest possible fragments. Finally the promiscuity score is a more quantitative indicator of the specificity than the length of the fragment alone.
To rigorously rank the complementary candidates these different values (there are three scores for each fragment that compose the complementary peptide) should be combined in an overall complementarity score. However, there are many possible way to do this and, in the absence of a large number of experimentally measured binding constants and specificity assays to help us guide the choice, we preferred to report the values for every single fragment in each complementary peptide (Fig. S1 ), favoring the candidates that are made by longer fragments, with higher count score and lower promiscuity score.
Nevertheless, to assess how the coverage results reported in Fig. 2 change when putting a threshold on the quality (i.e., a complementarity score) of the complementary peptides we used a working score defined as C = P n i=1 ðl 2 i c i − 0.01l i p i Þ, where n is the number of fragments building the complementary peptide, l the length, c the count score, and p the promiscuity score. This choice of C is arbitrary and it simply reflects our rule of favoring fragments of larger length, then of larger count score, and within those of same length and count score of smaller promiscuity score. Fig. S2 reports the coverage of the two database of disordered regions as a function of a threshold on the complementarity score C.
Finally, there exists another important aspect when choosing among different complementary candidates for a target sequence, which is the amino acid composition of the peptide itself. Given the fact that the fragments that make up the complementary peptides are found in β-strands, they tend to be enriched in hydrophobic amino acids and are in general poorly soluble. Thus, some complementary peptide will show a tendency to aggregate and possibly interact nonspecifically with other hydrophobic stretches in different proteins. To control for the solubility of the complementary peptide candidates, we run the sequence-based solubility calculation of CamSol method (40), and we favor those peptides predicted to be more soluble. We also note that the V H scaffold contains a solubility tag consisting in a triple Glu inserted next to the grafting site in the CDR3 (Fig.  S3) , so that the solubility of the grafted antibody is effectively greater than that of the peptide alone. The effect of the triple Glu insertion was previously assessed (40), where it was shown to act as a powerful gatekeeper that significantly increased the solubility of the V H domain.
The δ2D Database of Intrinsic Disorder. The δ2D database was previously described (38) and contains protein sequences with assigned NMR chemical shifts measured at about physiological conditions and in the absence of compounds that may affect the solution behavior of the protein (e.g., micelles, denaturants, TFE,. . .). The chemical shifts were then used to calculate the corresponding secondary structure populations using the δ2D method (37). In the present work a region is defined disordered if 20 or more consecutive amino acids satisfy 0.5 < SS H + SS E , where SS H is the secondary structure population of α-helices and SS E of β-strands.
Blasting of Short Peptides on the Human Proteome. The blast search for the complementary peptides was carried out with the pblast program within the BLAST+ package (45) against the human reference proteome as downloaded from the UniProt website. Given the short size of the peptides (eight amino acids), the blast search was carried out with the command "blastp -query peptide_sequence -db human_proteome -task 'blastp-short' -word_size 2 -seg 'no' -evalue 20000" to maximize the number of hits.
Design of the Two-Loop DesAb. Given the fact that natural antibodies generally bind to their antigens by using more than one CDR loop, we investigated whether it was possible to increase the affinity of our one-loop DesAb variants by grafting a second complementary peptide on another binding loop. This second complementary peptide is engineered to bind the target epitope cooperatively with the first complementary peptide.
This strategy, however, presents a number of challenges, especially in the case of the human single domain antibody scaffold that we use. First, both the CDR2 and the CDR1 in this scaffold are too short to accommodate a solvent-exposed complementary peptide and thus one needs to be extended with unavoidable consequences on the stability of the construct. Second, the two complementary peptides must carefully be placed in the loops, so that their cooperative binding to the target epitope is geometrically favored and does not require major conformational changes. These aspects also mean that the two peptides must be designed to bind to essentially the same epitope sequence (because the scaffold is small) without competing with each other for the binding. This result can be accomplished by selecting complementary peptides predicted to bind at either side of the epitope sequence, sandwiching it in a pincer-like way (Fig. S8G and Fig. 6 ).
One advantage of the human V H single domain that we used is that its stability is essentially independent from the CDR3 sequence (39), which can also be greatly extended; it was for example reported to accommodate a staggering 16-residue insertion (46). On the contrary, however, the sequence of the CDR1 has been shown to be crucial for the scaffold stability and refolding ability (47), which leaves only the relatively short CDR2 as a possible grafting site.
Thus, three results need to be accomplished: (i) to optimize the CDR3 and CDR2 geometry so that the two complementary peptides are allowed to face each other to promote a pincer-like binding, and the antigen epitope can fit between the loops without requiring large conformational changes, (ii) to extend the CDR2 to accommodate a fairly mobile, solvent-exposed complementary peptide, and (iii) to select complementary peptide sequences targeting appropriate regions of the target protein with the appropriate hydrogen-bonding pattern so that the two grafted peptides do not compete with each other for the binding to the antigen (Fig. S8G) .
To accomplish i, we used a structure-based design strategy. By examining the structures of three camelid V H antibodies (1RI8, 2X6M, and 4KRP) we noticed that the backbone of the CDR3 loop runs parallel to that of the CDR2 loop for about five residues (Fig. S8 A-C) . This feature is ideal to accomplish i, but it does not seem to be present in the crystal structure of the HEL4 human V H single domain (which essentially is our scaffold; Fig. S8 D and F) . Its absence may be the sole consequence of the shorter CDR3 of the HEL4 construct, yet the fact that camelid CDR3 contributes to stability by packing against the framework (48) suggests that this could be a feature specific to camelid V H domains.
We thus sought to implement this feature in our human sdAb scaffold. The CDR3 loops of the nanobodies in Fig. S8 A and B appear to be stabilized by a disulphide bond with the scaffold (cyan), but this is not the case for 4KRP in Fig. S8C . Consequently we analyzed the interactions of the CDR3 of 4KRP with the scaffold. We found that the β-bridge between the two stems of the loop (dark green in Fig. S8C ) is more twisted than that of the HEL4 crystal structure (Fig. S8D) and that Asn52 in the scaffold (magenta in Fig. S8C ), which is not present in HEL4, forms a hydrogen bond with the backbone of the CDR3, possibly stabilizing its conformation. Other interactions involving the side-chains of the CDR3 were neglected in this analysis because we will replace the loop with a complementary peptide. Consequently, we decided to modify our scaffold adding the C terminus stem of the loop of 4KRP (Tyr-Asp-Tyr at position 122 in Fig. S8F ) and Asn52; the latter is present in 2X6M as well, where it forms a similar hydrogen bond with the CDR3. From the structure 4KRP we also performed the mutation Y33A, as this is the position that forms the disulphide bond in 1RI8 and 2X6M, and a Tyr residue there may cause a displacement of the CDR3 loop because of its larger side-chain. Moreover, the same type of analysis performed on the structure 2X6M revealed a Lys residue at position 105 ( Fig. S8 B and F) that forms a hydrogen bond with the backbone of the CDR3. As the corresponding CDR3 region in our scaffold consists in three repeated Glu residues, we hypothesized that this insertion, in addition to a potential hydrogen bond, would produce an electrostatic attraction between the stems of the loop that may benefit the stability of the domain. Finally, we also performed the mutation L130E, because it was shown to increase the solubility (40).
Then, to accomplish ii, we performed homology modeling of a number of combinations of different lengths of the two CDR loops and different complementary regions on the selected α-synuclein epitope (residues 64-80; Fig. S8E ), using the scaffold sequence labeled as 2Loops in Fig. S8F , and the four crystal structures as templates (Fig. S8 A-D) . Homology modeling was performed as described previously (40), forcing the binding to the selected α-synuclein epitope by imposing distance restraints between the backbone atoms N and O of the CDRs and those of the epitope (Fig. 6) . The best combination of CDR2/CDR3 lengths was selected with the PROCHECK-NMR program (49), as the one of the model that scored lower in equivalent resolution and in number of residues in disallowed regions of the Ramachandran maps. This procedure not only provided us with a guess at the length of the loops to be grafted, but also with the ideal offset between the two complementary peptides on the α-synuclein epitope. The offset is better understood by looking at Fig.  S8G : we defined it as the number of residues of α-synuclein that separate the first residue complementary to the CDR2 peptide from the first residue complementary to the CDR3 peptide. The analysis yielded an offset of 3 residues with a CDR3 loop that is four amino acids longer than that of the one-loop DesAb variants (Fig. S8F ) and a CDR2 of 12 residues, obtained by replacing 6 existing residues and effectively adding 6 (Fig. S8F) .
Finally, to accomplish iii, we ran the cascade method on the α-synuclein sequences in Fig. S8H , selecting two candidates with the appropriate hydrogen-bonding pattern (i.e., that of Fig.  S8G ). Because most likely the termini regions of both complementary peptides will not be able to bind to their target (as it would require an excessive stretching of the loops), we selected the complementary fragments in these regions (Fig. S8H) according to their contribution to the solubility, as assessed with the CamSol method (40) (e.g., presence of negatively charged residues), rather than on their count and promiscuity scores.
Given the overall approach that we took, we do not expect our homology models to be very accurate. Nevertheless, probably aided by the structure-based optimization of the scaffold described above (point i), we were able to confirm the structural integrity of the purified two-loop DesAb variant with far UV circular dichroism (Fig. S8E ).
Protein Preparation. The different complementary peptides were grafted into the CDR3 loop of the single domain antibody scaffold by means of mutagenic PCR with phosphorylated oligonucleotides. The different DesAbs were then expressed in fusion with a N-terminal PelB leader sequence from pET17b in E. coli BL21 (DE3)-pLysS strain (Agilent Technologies) and purified from the growth medium by nickel-affinity chromatography at pH 3 (40).
The two-loop DesAb construct was expressed and purified from pRSET-b vector in E. coli Rosetta Gami 2 (DE3) (Merck Millipore). Cells were grown for 15 h at 30°C using Overnight Express Instant TB Medium (Merck Millipore) supplemented with ampicillin (100 g/mL). Cells were then harvested by centrifugation, resuspended in PBS and one EDTA-Free Complete Protease Inhibitor Mixture tablet (Roche), and lysed using sonication; cell debris was removed using centrifugation at 15,000 rpm (JA-25.50 Rotor; Beckman Coulter). The cleared lysate was loaded onto a Ni 2+ -NTA Superflow column (Qiagen), previously equilibrated with PBS containing 10 mM imidazole. After washing with PBS containing 20 mM imidazole, the His-tagged two-loop DesAb was eluted with PBS containing 200 mM imidazole. The protein was then dialyzed extensively against PBS. For all these protein variants, protein concentration was determined by absorbance measurement at 280 nm, using theoretical extinction coefficients calculated with Expasy ProtParam (50).
Human WT α-synuclein (gi:80475099) and the mutants α-synuclein-P73 and A90C were purified as early reported (51). The mutations into α-synuclein sequence were introduced by mutagenic PCR with the QuikChange XLII kit (Qiagen). Protein concentration was determined by absorbance measurement at 275 nm using an extinction coefficient of 5,600 M −1· cm −1 . Protein purity always exceeded 98% as determined by SDS/PAGE analysis. Aβ42 (Cambridge Biosciences) and IAPP (LKT Laboratories) peptides were chemical synthetized.
CD. Far-UV CD spectra for all protein variants were recorded using a Jasco J-810 spectropolarimeter equipped with a Peltier holder, using a 0.1-cm-pathlength cuvette. Typically, samples contained 10 μM protein in PBS. The far-UV CD spectra of all of the variants were recorded from 200 to 250 nm at 25°C, and the spectrum of the buffer was systematically subtracted from the spectra of all protein samples.
ELISA Test. The wells of the ELISA plates (Thermo Scientific) were coated (at 37°C for 1 h under constant shaking) with increasing amounts (from 1 to 10 μg) of purified DesAbs and blocked with 5% (wt/vol) BSA in PBS (BSA/PBS). The coating was verified to be higher than 60% and homogeneous for all DesAb amounts; 60-μL samples of 2.5 μM ligand protein (i.e., α-synuclein, Aβ42, and IAPP) were then incubated in the coated wells. Primary antibodies reactive with the client proteins and the appropriate horseradish peroxidase-conjugated secondary antibody were diluted in BSA/PBS and added to the wells following the manufacturer's instructions. All incubations were performed at room temperature for 1 h under shaking and followed by six consecutive washes with PBS. After two final washes with BSA/PBS and PBS, ortho-phenylenediamine at 2.5 mg/mL in 50 mM citric acid and 100 mM Na 2 HPO 4 , pH 5, was added. The absorbance at 492 nm (Abs 492nm ) was measured with a CLARIOstar platereader (BMG Labtech). Nonspecific binding of primary and secondary antibody to the different DesAbs was assessed (Fig. S5A) . The primary antibodies used were rabbit monoclonal anti-α-synuclein N terminus antibody (clone EP1646Y; Merck Millipore), mouse monoclonal anti-amyloid β clone W0-2 antibody (Merck Millipore), and monoclonal mouse anti-human IAPP (R10/99) antibody (LifeSpan BioSciences).
Dot-Blot and Western Blot Analyses. Different amounts of crude extracts from E. coli BL21 (DE3) gold strain (Agilent Technologies) expressing α-synuclein or Aβ42 were spotted (2.5 μL) on a Immobilon-P membrane (GE Healthcare). As negative controls, the same amounts from crude extracts from the same cells in which target protein expression was not induced were used; 100 μM of synthetic peptide was mixed with the E. coli lysate. The total protein amount of the lysate without IAPP was adjusted accordingly. As a further control of specificity (Fig. S6) , to verify the reactivity of each of the designed antibodies for the three target substrates (α-synuclein, Aβ42, and IAPP) in a crowded environment, different amounts of solutions containing 100 μM of pure α-synuclein, Aβ42, and IAPPin 50% (vol/vol) DMSO were mixed with 3 μg of an E. coli protein lysate and were spotted as described above. The blots were blocked 1 h (BSA/PBS) and probed overnight at 4°C with each antibody (at a concentration between 4 and 7 μM). Blots with bound DesAbs were then probed with 6x-His Epitope Tag Antibody (1:5,000 dilution; Life Technologies). Positive controls (C+) were performed with a mouse monoclonal anti-αSyn antibody (Transduction Laboratories), mouse monoclonal anti-amyloid β clone W0-2 antibody (Merck Millipore), and mouse monoclonal antihuman IAPP (R10/99) antibody (LifeSpan BioSciences). All blots were probed with goat anti-mouse IgG (H+L) secondary antibody and Alexa Fluor 488 conjugate (1:5,000 dilution; Life Technologies). Dot-blot signals were quantified by densitometry analysis using ImageJ software (National Institutes of Health).
For the Western blot analyses, 20-μL samples of 200 μM of protein concentration of pure α-synuclein, Aβ42, and IAPP, supplemented with 50% DMSO, were loaded on 4-12% Bis-Tris NuPAGE gels (Life Technologies). Proteins were then transferred on a PVDF membrane using the iBlot Dry Blotting System (Life Technologies). The blots were probed using the same protocol applied for the dot-blots.
Labeling Reaction. The A90C α-synuclein variant was labeled with DANSYL-MTS (Toronto Research) via the cysteine thiol moiety. The protein was incubated in the presence of 5 molar equivalent excess of the dye in PBS for 3 h at room temperature in the dark. The labeled protein was then purified from the excess of free dye by Zeba Desalt Spin Columns (Thermo Scientific) and further size exclusion chromatography step using a Superdex 75 10/300 GL (GE Healthcare). The labeling efficiency was more than 70% as estimated by MS. The labeled protein concentration was estimated by absorbance measurement at 335 nm using the extinction coefficient of the free dye (4,100 M
) (52). 
where y is the fluorescence observable (y = y [x] − y 0 where y 0 is the value at [x] = 0), [F] is the concentration of the fluorescent protein, which is held constant during the titration, and [x] is the concentration of the protein that is titrated. y max is the other fitting parameter and it equals the plateau. The 95% CI on the fitting parameters was calculated with 10 5 bootstrap cycles of data resampling, a technique that does not assume independent and identically distributed residuals.
Fluorescence Titration with Monomeric Dansyl-α-Synuclein. In the case of DesAb-F fluorescence titration experiments were carried out by incubating 2 μM dansyl-α-synuclein in PBS for 30 min at 25°C in the presence of different concentrations of the designed antibody. Fluorescence emissions spectra from 400 to 630 nm were recorded as the average of 10 spectra, following an excitation at 330 nm (42). Shifts of the maximum emission wavelength were plotted as a function of the antibody concentration and analyzed assuming a one site binding model (see above), where y is the red shift of the fluorescence emission spectrum of dansyl-α-synuclein at a given concentration of DesAb (λ x − λ 0 , where λ x is the maximum wavelength at the given concentration [x] of DesAb and λ 0 is the maximum wavelength in the absence of DesAb, i.e., 547.5 nm). Fluorescence competition assays were performed in solutions of 200 μM DesAb-F samples in PBS in the presence of 2 μM dansyl-α-synuclein and equimolar concentrations of nonlabeled α-synuclein or α-synuclein-P73. The percentage of the complex dansyl-α-synuclein:DeAb-F formed was derived assuming a competitive reversible inhibition.
Intrinsic Trp Fluorescence Spectroscopy. The interaction between the DesAb-F and two-loop DesAb with α-synuclein was studied in PBS using intrinsic (Trp) fluorescence spectroscopy by titrating different concentrations of α-synuclein into a solution containing 1 μM DesAb after incubating the mixtures for 1 h at 25°C. Steady-state Trp fluorescence emission spectra were recorded from 300 to 400 nm, selectively exciting tryptophan residues at 295 nm, using a Cary Eclipse spectrofluorimeter (Varian). Excitation and emission band passes were set to 5 nm each.
Aggregation Assays. α-Synuclein (70 μM) alone or together with 7 μM DesAb (i.e., 1:10 molar ratio) was incubated in 600 μL PBS (with 0.01% NaN 3 to prevent bacterial growth) at 37°C under constant shaking at 200 rpm in a Innova 4330 shaker (New Brunswick Scientific). At specific incubation times, 10-μL aliquots were centrifuged at 16,000 × g, and the supernatant was analyzed using 4-12% Bis-Tris NuPAGE gels (Life Technologies). Protein amount was estimated by densitometry using ImageJ software. Aggregation data are represented as insoluble protein fraction, normalizing them with the value corresponding to initial soluble protein amount and plotting reciprocal values.
Seeded Aggregation Experiments. α-Synuclein fibrils were obtained as described above. Fibrils were then centrifuged for 15 min at 16,000 × g in a bench centrifuge and resuspended in the same volume of aggregation buffer to remove any monomer in solution; 70 μM monomeric α-synuclein alone or with increasing concentrations of DesAb-F was then incubated in the presence of different amount of preformed fibrils (if not differently specified) and 20 μM ThT at 37°C in quiescence. The ThT fluorescence of the samples was continuously monitored using a FLUOstar OPTIMA plate reader (BMG Labtech Ltd.) with excitation and emission wavelengths of 440 and 480 nm (slit widths of 10 nm), respectively. Table 1 ). The first target sequence from the top belongs to the IAPP peptide, the second to Aβ42, and the last three to α-synuclein. In bold is the sequence of the complementary peptide that we actually grafted on the single domain antibody scaffold; a colon marks the residues predicted to participate in backbone-backbone hydrogen bonding with the target sequence. Fig. 2D of the disordered regions in the DisProt database (blue) and the δ2D database (green) as a function of the complementarity score described in Ranking the Candidates. The dashed lines are the complementarity scores of the five peptides (Fig. S3) we grafted on the human sdAb scaffold for experimental validation (the one-loop DesAb variants).
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Syn Syn+DesAb-IAPP Syn+DesAb-F Fig. S7 . α-Synuclein aggregation with a control DesAb. Seeded aggregation assay (3% seeds) of 70 μM α-synuclein alone (green) and in the presence of DesAb-F (yellow) and DesAb-IAPP (blue). The DesAb:α-synuclein monomer ratio is 1:2 for both DesAb variants. Error bars are SEs over three replicates. 
